In situ study of the electronic structure of atomic layer deposited oxide ultrathin fi lms upon oxygen adsorption using ambient pressure XPS
Introduction
Ultrathin oxide films with thicknesses of approximately several nanometers are key components in many important applications, such as gas sensing, passivation layers and catalysis. 1 For example, ultrathin TiO 2 films have been used as the protective layer on semiconductor photocatalysts, significantly improving their photocorrosion resistance in photoelectrochemical (PEC) water splitting. 2, 3 The deposition of a thin oxide layer creates a new type of solid/solid interface, which inevitably alters the energy-level alignment in the interfacial region and affects the charge transfer process during redox reactions on the catalyst surface. Furthermore, because of the ultrathin thickness and the abundance of surface defects, the energy level alignment of the oxide film is affected by a variety of environmental phenomena such as surface adsorption at different pressures and temperatures. Therefore, developing reliable in situ characterization techniques for energy level alignment at the oxide surface/ interface is vital for applications using ultrathin oxide films. Unlike bulk materials, ultrathin films have distinctive electronic structures because of their restrained dimension, different atomic structures and abundant surface defects. 4, 5 However, the electronic structure of ultrathin films has not been explored as intensively as that of the bulk form. For practical applications, understanding the electronic structure changes of ultrathin films under different environments is crucial. One important aspect is the influence of gas molecule adsorption on the electronic structure. [6] [7] [8] Chen et al. discovered that this adsorption induced an electronic structure change in semiconductors known as "surface transfer doping". [9] [10] [11] Many techniques have been applied to study the electronic structure, including X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). 12, 13 Conventional XPS and UPS are limited to ultrahigh vacuum (UHV) conditions. Therefore, an appropriate technique allowing for in situ studies of the electronic structure of ultrathin films under near ambient conditions is of high importance. Ambient pressure XPS (APXPS) can measure the core level spectra of materials and gas molecules in situ under near ambient pressure conditions, as shown in Fig. 1a . APXPS has been successfully applied to study the band bending change of materials upon gas adsorption.
14,15 Fig. 1b shows how the surface band bending change upon gas exposure is reflected in core level binding energy (BE Samp ) changes in the samples. In 2013, Axnanda et al. developed a work function measurement method by recording the core level spectrum of Ar gas in the vicinity of a sample using APXPS and successfully applied this method to measure the work function of PbS quantum dots. 16 The electronic levels of the gas-phase molecules are referenced to the vacuum level (VL). In the vicinity of the sample surface, the core level BE of gas molecules (BE Gas ) will shift as the sample's VL changes. Thus, a sample work function change can be measured using the change in BE Gas . This ability to measure changes in work function, band bending, and electron affinity upon gas adsorption makes APXPS an ideal technique to study gas adsorption processes on different surfaces and provide information on the electronic structure in more realistic environments than a vacuum. In this study, we chose Al 2 O 3 , TiO 2 and ZnO ultrathin films created via atomic layer deposition (ALD) as model systems and monitored their interactions with oxygen via changes in their subsequent electronic structure changes using APXPS. By measuring the core level BEs of the samples and gas molecules, the work functions and band bending of these materials were obtained under both oxygen and oxygen-free conditions. Based on these band bending and work function results, we also deduced the electron affinity changes, which were strongly influenced by the adsorbed oxygen species. 17 In addition, we also studied the effect of temperature on the oxygen adsorption behavior and the aforementioned electronic properties. This work provides experimental information that can improve our understanding of oxygen adsorption on different metal oxide ultrathin films under environments relevant to practical applications, which is crucial for the design of new catalysts and electronic devices.
Experimental
The Al 2 O 3 , TiO 2 , and ZnO ultrathin films were prepared via ALD on top of an n-type (phosphorus-doped) Si (110) wafer using a custom viscous flow ALD reactor. The thicknesses of the Al 2 O 3 , TiO 2 , and ZnO films were 0.74 nm, 1.88 nm, and 0.78 nm, respectively. A detailed description of the fabrication procedure can be found in previous reports.
18 -20 The APXPS experiments were performed at the bendingmagnet beamline 9.3.2 of the Advanced Light Source, Lawrence Berkeley National Laboratory. This beamline can perform XPS experiments under different gas atmospheres with pressures up to 1 Torr. A detailed description of the APXPS setup can be found in previous reports. 21 The samples were mounted on a sample holder along with a piece of gold foil for energy calibration. The XPS spectra of all samples and Ar were recorded under pure Ar and mixed Ar/O 2 atmospheres to study the effect of oxygen adsorption. The Ar in the analysis chamber was used as the reference for work function measurement. Ar, an inert gas, was chosen for this purpose because of its non-interacting nature with samples. 16 All XPS peak positions were calibrated using Au f 7/4 (84 eV). Two individual UHV leak valves were used to introduce oxygen (Air Gas, UHP) and Ar (Air Gas, UHP) to the analysis chamber. A calibrated Baratron gauge was used to monitor the total pressure in the analysis chamber. The photon energy of the X-ray used in this experiment was 770 eV.
Results and discussion
First, the core level spectra of interest of the ultrathin films were collected to measure their band bending. As shown in Fig. 1b , band bending is caused by the electric field in depletion regions because of charge transfer between the adsorbed molecules and the semiconductor surface. This electric field and potential change also affect the core level of the semiconductor, and thus, the core level BE change can be used to calculate the band bending change. 15, 22, 23 The core level BEs of Ar gas molecules in the vicinity of the samples were measured to determine the work function changes. The samples were connected electronically with the analyzer and therefore, their Fermi levels were equivalent to that of the analyzer during the XPS measurement. When the sample work function changes, the sample's VL will also change. We can directly correlate the core level XPS BE change with the work function change of a sample as described previously. 24 For the calibration, different bias voltages (−2 V to +2 V) were applied to highly oriented pyrolytic graphite (HOPG) to obtain the relationship between the Ar 2p BE and the sample work function (Fig. S2 , ESI †). HOPG was chosen for this purpose because of its inert nature upon gas exposure. Using this method, the linear relationship of the Ar 2p BE with the sample work function was obtained, as shown in eqn (1):
where Φ samp is the sample work function, and BE gas is the BE of Ar 2p 3/2 . After establishing the relationship between the Ar 2p BE and the sample work function, we measured the XPS spectra of the Al 2 O 3 ultrathin film at room temperature (RT). As shown in Fig. 2a, Another interesting phenomenon is that the BE change was reversible when the introduction of oxygen and Ar was alternated, which is consistent with the results of our previous work. 14 This lowering of the BE upon exposure to oxygen resulted from the surface band bending effect. 15, 26 We used the measured Ar 2p BE to determine the work function of the sample. As shown in Fig. 2b , the BE of Ar 2p 3/2 was 245.51 eV in the absence of oxygen. According to eqn (1), the work function of Al 2 O 3 was 3.36 eV under this condition. However, after oxygen introduction, the BE of Ar 2p 3/2 shifted to 245.04 eV, and the work function of Al 2 O 3 was determined to be 3.84 eV, corresponding to an increase of 0.48 eV resulting from oxygen adsorption.
To further investigate the effect of temperature on oxygen adsorption, XPS of the Al 2 O 3 ultrathin film was performed at 80°C. This temperature was chosen because it is a frequently applied temperature for various catalysis reactions involving Al 2 O 3 film supports to prevent catalyst particle aggregation. 18 As shown in Fig. 2c , the BE of Al 2p was 75.62 eV at 80°C under 200 mTorr Ar. After introducing 200 mTorr oxygen, the BE decreased to 75.27 eV, indicating an upward band bending of 0.35 eV upon oxygen adsorption. The BE of Ar 2p 3/2 was 245.38 eV (Fig. 2d) in the absence of oxygen at 80°C, and thus, the work function of the Al 2 O 3 film was 3.49 eV. After oxygen was introduced, the BE of Ar 2p 3/2 was 245.07, corresponding to a work function of 3.81 eV, and an increase of 0.32 eV after oxygen adsorption.
According to the literature, two types of oxygen chemisorption exist: strong chemisorption and weak chemisorption. 7 Substantial work has been conducted to investigate the electronic structure changes caused by these two types of oxygen chemisorption. 6, 27, 28 Geistlinger et al. 7 demonstrated that strongly chemisorbed species could undergo delocalized charge transfer with the substrate to create a depletion layer, thereby resulting in band bending; 6,7 however, they also reported that these species exert relatively little influence on the electron affinity change. In contrast, weakly chemisorbed species can form dipoles on the surface and subsequently vary the surface electron affinity, but they typically do not change the band bending significantly. As shown in Fig. 3 , both the band bending and electron affinity changes contribute to the work function change and their relationship can be described by eqn (2):
where ΔΦ is the change in the work function, ΔV s is the change in the band bending and Δχ is the change in the electron affinity. 17 In our study, the Al 2 O 3 ultrathin film exhibited upward band bending after oxygen exposure at both RT and 80°C. As described above, this result indicates the existence of strongly chemisorbed oxygen species on the Al 2 O 3 ultrathin film surface at both temperatures; these species undergo delocalized charge transfer with the substrate and create a depletion layer that results in band bending. 6, 7 However, bulk Al 2 O 3 with a well-defined surface structure is known to be a fairly inert oxide exhibiting no oxygen adsorption at temperatures below 500°C. 29 The distinctive oxygen adsorption behavior of the ultrathin film and bulk Al 2 O 3 can be attributed to the abundant defects on the surface of Al 2 O 3 ultrathin films. [30] [31] [32] The values of the change of band bending after introducing oxygen at these two temperatures were also different: 0.61 eV at RT vs. 0.32 eV at 80°C. We attribute this diminished band bending effect at 80°C to either increased oxygen desorption or increased carrier density in the Al 2 O 3 ultrathin film at higher temperature. 33 Using eqn (2), the electron affinity change of the Al 2 O 3 ultrathin film was determined to be −0.13 eV upon oxygen adsorption at RT ( Table 1) . As proposed by Geistlinger, such an electron affinity change can be attributed to weakly chemisorbed species undergoing localized charge transfer with the oxide surface. 6, 7 The localized charge transfer between the molecules and the adsorption site on the surface will create dipoles and generate a potential drop across the dipole layer that is equal to the electron affinity change. However, at 80°C, the electron affinity change of the Al 2 O 3 film before and after oxygen exposure was only −0.03 eV ( Table 1 ), indicating that almost no weakly chemisorbed oxygen was present under these conditions. This finding can be attributed to the relatively weak binding of these species with the substrate and their ready desorption at higher temperatures. In addition to Al 2 O 3 , we also studied oxygen adsorption on ZnO and TiO 2 ultrathin films at RT. ZnO and TiO 2 are two semiconductor materials that are widely used for catalysis and devices. 18, 34, 35 As shown in Fig. 3a , the BE of Zn 3p 3/2 in an Ar atmosphere was 90.48 eV. After the introduction of oxygen, the BE shifted to 90.04 eV, indicating that the adsorption of oxygen on the ZnO film results in an upward band bending of 0.44 eV. The change in the work function was also recorded by measuring the core level spectra of Ar gas in the vicinity of the ZnO film (Fig. 3b) . The BE of Ar 2p 3/2 was 245.34 without oxygen and changed to 245.04 eV after the introduction of oxygen. According to eqn (1), the work function of the ZnO film was 3.53 eV under oxygen-free conditions and 3.85 eV after the introduction of oxygen. Thus, oxygen adsorption increases the work function by 0.32 eV. Similarly, for the TiO 2 film (Fig. 4c) , the Ti 2p 3/2 BE was 459.93 eV without oxygen and shifted to 459.62 eV after oxygen introduction, corresponding to a band bending of 0.31 eV on the surface of the TiO 2 film caused by oxygen adsorption. As shown in Fig. 4d , the BE of Ar 2p 3/2 was 245.15 eV near the TiO 2 film surface in an Ar atmosphere, and this value increased to 244.83 eV after oxygen introduction. According to eqn (1), the work function of the TiO 2 film in an Ar atmosphere was 3.73 eV and increased to 4.06 eV after the introduction of oxygen, thus, oxygen adsorption increased the work function by 0.33 eV.
All of the results from the three tested samples are summarized in Table 1 . Upward band bending shifts were observed in all three samples after the introduction of oxygen, indicating that strongly chemisorbed oxygen species formed on all three surfaces. The different band bending observed on different oxide films could be related to the different charge carrier concentrations and amounts of strongly chemisorbed oxygen on the oxide thin films. 17 According to eqn (2), the electron affinity change for the ZnO ultrathin film was −0.12 eV in the presence of oxygen, similar to that of the Al 2 O 3 ultrathin film at RT (Table 1) . In contrast, the electron affinity of the TiO 2 ultrathin film showed almost no change after oxygen adsorption at RT, suggesting the absence of weakly chemisorbed oxygen on the TiO 2 surface.
For all three oxide films, oxygen adsorption shifts the band bending at the interfaces upward, indicating the existence of negatively charged surface oxygen species (strongly adsorbed species). The extent of this upward band bending should increase as the surface coverage of the negatively charged oxygen species O 2 −δ and the charge δ on each oxygen species increase. We observed that the magnitude of upward band bending exhibited the following order: Al 2 O 3 > ZnO > TiO 2 . This ordering indicates that the surface concentration of O 2 −δ on the Al 2 O 3 ALD film is much larger than that on the TiO 2 film because more negatively charged oxygen typically adsorbed on TiO 2 , leading to a larger δ per adsorbed oxygen. We also observed that oxygen adsorption on Al 2 O 3 and ZnO thin films at RT decreased the surface electron affinity. This decrease suggests that an oxygen species with its dipole pointing away from the surface should be present. The Table 1 Band bending, work function, and electron affinity changes of metal oxide ultrathin films after oxygen introduction. The electron affinity change was determined using eqn (2) disappearance of the electron affinity change at 80°C shows that this oxygen species is weakly adsorbed.
Conclusions
Based on our APXPS results, two distinctive types of adsorption sites likely exist on ultrathin ALD oxide films and are responsible for the adsorption of two species: electron rich sites at which O 2 −δ adsorbs, and electronegative sites that interact with the lone electron pairs of oxygen atoms in the polarized species with dipoles pointing away from the surface. Estimation of the surface densities of the two adsorption sites based on the surface coverage of oxygen species at RT revealed that the overall surface densities of these sites are very small (on the order of 10 −2 ML; see the ESI †). Such quantities are very difficult to probe using conventional XPS. However, APXPS band bending and electron affinity measurements can not only reveal the effects of these adsorption sites but also differentiate their different contributions. The surface coverage of the strongly adsorbed species scaled in the following order: Al 2 O 3 > ZnO > TiO 2 . This finding, which is in stark contrast to the trends expected to occur on the surface of the bulk counterpart of these oxides, underlines the unique surface activity of ultrathin oxide films, which may have important implications, for example, in oxidative reactions taking place on these films or in catalyst systems where such oxides are used as a catalyst support.
